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Introduction {#sec6}
============

Noncoding RNAs (ncRNAs) have a profound impact on gene expression ([@bib5], [@bib8], [@bib11], [@bib12], [@bib15], [@bib23]). The identification of stable intronic sequence RNAs (sisRNAs) in the oocyte nucleus of *Xenopus tropicalis* raised the important question on the biological functions of this class of ncRNAs ([@bib7]). Although sisRNAs had been discovered in humans, mice, *Xenopus*, *Drosophila,* yeasts, and viruses, very little is known about their importance during development ([@bib7], [@bib14], [@bib18], [@bib19], [@bib20], [@bib21], [@bib22], [@bib26], [@bib33], [@bib34], [@bib35]). *Drosophila sisR-1* has been shown to repress a long ncRNA *ASTR* during embryonic development and regulate stem cell homeostasis ([@bib22], [@bib32]). In addition, maternally deposited circular *sisR-4* is important for embryonic development by promoting its parental gene transcription in *Drosophila* ([@bib27]).

In our continuing effort to identify and characterize more sisRNAs, we performed deep sequencing of polyadenylated and non-polyadenylated maternally deposited sisRNAs in the unfertilized eggs of *Drosophila*. Unexpectedly, we found abundant polyadenylated sisRNAs that are produced by independent transcription from the introns, suggesting an alternative pathway for sisRNA biogenesis. Further analyses on a sisRNA *sisR-3* revealed that *sisR-3* represses a long ncRNA *CR44148* and is essential for proper development.

Results {#sec1}
=======

Deep Sequencing Identifies Polyadenylated sisRNAs {#sec1.1}
-------------------------------------------------

In *Xenopus* and *Drosophila*, maternally deposited sisRNAs are thought to be by-products of splicing ([@bib7], [@bib19], [@bib20], [@bib22], [@bib26], [@bib27]). It is unknown how linear sisRNAs are conferred with unusual stability in the oocytes ([@bib7], [@bib19], [@bib20], [@bib22]). To identify more sisRNAs, we examined *Drosophila melanogaster* unfertilized eggs, which contain a maternal pool of stable and mature RNAs with no contamination from zygotic transcription ([@bib22]). We performed strand-specific deep sequencing of (1) ribosomal RNA (rRNA)-depleted total RNA, (2) poly(A)+ RNA, and (3) rRNA-depleted poly(A)− RNA ([Figure 1](#fig1){ref-type="fig"}A). As a positive control for poly(A)− RNA, we detected the U85 small Cajal body-specific RNA (scaRNA) in the poly(A)− fraction but not in the poly(A)+ fraction ([Figure S1](#mmc1){ref-type="supplementary-material"}A). Conversely, we detected exonic sequences from the messenger RNAs (mRNAs) in the poly(A)+ fraction but not in the poly(A)− sequences ([Figures 1](#fig1){ref-type="fig"}B, [S1](#mmc1){ref-type="supplementary-material"}B, and S1C). These observations confirmed the validity of our poly(A)+ and poly(A)− sequencing experiments.Figure 1Deep Sequencing Identifies a Pool of Polyadenylated sisRNAs in Unfertilized Eggs(A) A schematic for identifying candidate sisRNAs in unfertilized eggs.(B) Genome browser views of *sisR-2 (mbt)* gene locus. RNA sequencing results for total RNA, poly(A)+ RNA, and poly(A)− RNA from unfertilized eggs are shown. PAS, polyadenylation signal near the predicted 3′ ends of the sisRNAs.(C) Table showing the number of candidate polyadenylated sisRNAs distributed over the chromosomes in *Drosophila*.(D) Charts showing the numbers and percentages of candidate sisRNAs and snoRNAs with and without PAS.(E) RT-PCR showing the presence of various intronic and exonic sequences in total, poly(A)+, and poly(A)− RNAs from unfertilized eggs.(F) RT-PCR showing the presence of intronic and exonic sequences reverse transcribed by oligo-dT in unfertilized eggs.(G) Semi-quantitative RT-PCR showing the abundance of *sisR-1, sisR-2,* and *sisR-3* in stage 14 oocytes of *wispy/FM* versus *wispy* homozygous mutants using oligo-dT or random hexamers during reverse transcription. Numbers below indicate the relative band intensities of respective sisRNAs quantified using ImageJ software.(H) RACE-PAT assay showing the relative lengths of sisRNA poly(A) tails in *wispy/FM, wispy* homozygous mutant stage 14 oocytes, and wild-type adult male body long poly(A) tails of sisR-2, red asterisks.See also [Figure S1](#mmc1){ref-type="supplementary-material"} and [Table S1](#mmc2){ref-type="supplementary-material"}.

We previously identified three sisRNAs, *sisR-1, sisR-2,* and *sisR-3*, from the *regena* (*rga*), *mushroom body tiny* (*mbt*), and *cysteine string protein* (*csp*) loci, respectively, by northern blotting ([@bib22]). Unexpectedly, we found that these three sisRNAs were present in the poly(A)+ fraction instead of the poly(A)− fraction ([Figures 1](#fig1){ref-type="fig"}B, [S1](#mmc1){ref-type="supplementary-material"}B, and S1C), suggesting that some sisRNAs may be polyadenylated. Cleavage and polyadenylation requires the polyadenylation signal (PAS) (AUUAAA, AAUAAA, AUAAAA), which functions to recruit the cleavage and polyadenylation specificity factor (CPSF) to mediate the addition of poly(A) tails ([@bib25]). PAS sequences were present upstream of the predicted 3′ ends of these sisRNAs ([Figures 1](#fig1){ref-type="fig"}B, [S1](#mmc1){ref-type="supplementary-material"}B, and S1C). By visual inspection of the sequencing data on the genome browser, we identified a total of 140 candidate polyadenylated sisRNAs that mapped to chromosomes 1--3 ([Figure 1](#fig1){ref-type="fig"}C and [Table S1](#mmc2){ref-type="supplementary-material"}). Of the 140 candidate sisRNAs, 96 (∼69%) have at least a PAS sequence, compared with 13% of the non-polyadenylated small nucleolar RNAs (snoRNAs) ([Figure 1](#fig1){ref-type="fig"}D and [Table S1](#mmc2){ref-type="supplementary-material"}).

To verify whether sisRNAs are polyadenylated, we obtained RNA from unfertilized eggs and isolated poly(A)+ and poly(A)− fractions using oligo-dT beads and performed reverse-transcriptase polymerase chain reaction (RT-PCR). Consistent with our deep sequencing data, we detected an enrichment of sisRNAs in the poly(A)+ fraction compared with the poly(A)− fraction ([Figure 1](#fig1){ref-type="fig"}E). We finally confirmed the presence of polyadenylated sisRNAs in unfertilized eggs by performing RT-PCR using oligo-dT as the primer for reverse transcription ([Figure 1](#fig1){ref-type="fig"}F).

In *Drosophila,* the ovary-specific poly(A) polymerase (PAP) encoded by the *wispy* locus has been shown to polyadenylate maternal mRNAs and adenylate maternal microRNAs (miRNAs) in the cytoplasm during late oogenesis ([@bib1], [@bib13]). We asked whether *wispy* is required for polyadenylation and stability of maternal sisRNAs in the oocytes. Females homozygous for *wispy*^*12-3147*^ laid very few eggs, so we examined RNAs from the stage 14 oocytes, which also store mature maternal RNAs. By performing reverse transcription using oligo-dT followed by PCR, we found down-regulation of poly(A)-tail-containing sisRNAs in *wispy* mutants compared with controls ([Figure 1](#fig1){ref-type="fig"}G), suggesting that *wispy* is required for the polyadenylation of maternal sisRNAs. We next examined the entire population of sisRNAs by doing reverse transcription using random hexamers followed by PCR. We also observed a decrease in sisRNA abundance in *wispy* mutants ([Figure 1](#fig1){ref-type="fig"}G), indicating that polyadenylation promotes the stability of maternal sisRNAs.

We further examined the lengths of poly(A) tails of *sisR-1, sisR-2,* and *sisR-3* by performing Rapid amplification of cDNA ends-PCR poly(A) test (RACE-PAT) assay. We examined RNA from stage 14 oocytes in *wispy/FM* and *wispy* mutants. In addition, RNA from adult male bodies (which do not express Wispy) was also included as a comparison for polyadenylation in somatic cells. In control stage 14 oocytes, the poly(A) tails of *sisR-2* were long and heterogeneous, but they were dramatically short in *wispy* mutants ([Figure 1](#fig1){ref-type="fig"}H). Interestingly, in adult male bodies, the poly(A) tails of *sisR-2* were long ([Figure 1](#fig1){ref-type="fig"}H, red asterisks), suggesting *wispy*-independent polyadenylation in somatic cells. For *sisR-3* and *sisR-1*, the lengths of poly(A) tails were also generally shorter in *wispy* mutants ([Figure 1](#fig1){ref-type="fig"}H). Unlike *sisR-2*, the poly(A) tails of these two sisRNAs remained short in adult male bodies ([Figure 1](#fig1){ref-type="fig"}H). Taken together, our data suggest that *wispy* is required for the cytoplasmic polyadenylation of maternal sisRNAs to confer their stability. We do not exclude the possibility that sisRNAs are also polyadenylated by a nuclear PAP ([@bib9]).

Production of sisRNAs by Independent Transcription {#sec1.2}
--------------------------------------------------

To examine the nature of these sisRNAs in detail, in addition to previously cloned *sisR-1*, we cloned two previously identified sisRNAs *sisR-2* and *sisR-3* from the *mbt* and *csp* loci, respectively ([@bib22]). By performing 5′ and 3′ RACE analyses, we obtained full-length sequences of *sisR-2* and *sisR-3* in the unfertilized eggs. As predicted from the deep sequencing data, the PAS sequences are near the 3′ ends of all the three sisRNAs ([Figures 1](#fig1){ref-type="fig"}B, [2](#fig2){ref-type="fig"}A, [S1](#mmc1){ref-type="supplementary-material"}B, S1C, and [S2](#mmc1){ref-type="supplementary-material"}, data not shown). Furthermore, the 5′ ends of the sisRNAs lie close to the 5′ splice sites of the introns ([Figures 2](#fig2){ref-type="fig"}A and [S2](#mmc1){ref-type="supplementary-material"}, data not shown). These observations prompted us to examine the possibility that sisRNAs may be transcribed independently from the cognate introns. We first tested if sisRNAs possess an m^7^G cap, a 5′ end modification common to RNA polymerase II transcripts. Using an antibody that recognizes the m^7^G cap, we were able to immunoprecipitate sisRNAs from unfertilized eggs ([Figure 2](#fig2){ref-type="fig"}B), indicating that sisRNAs have 5′ m^7^G caps. As a positive control, *actin5C* mRNA was enriched in the immunoprecipitates but not for U85 intronic scaRNA.Figure 2sisRNAs Are Capped, Independently Transcribed, and Polyadenylated by Wispy(A) The *mbt* and *csp* loci and the locations of *sisR-2* and *sisR-3* in the introns. The *mbt* and *csp* loci are not in the same scale.(B) qRT-PCT showing enrichment of sisRNAs in m^7^G antibody immunoprecipitates in unfertilized eggs. \*p \< 0.01; ns, not significant, p \> 0.05. N = 3. Two-tailed t test. Data are represented as mean ± SD. SD, standard deviation.(C) Northern blot showing the expression of *sisR-1* in S2 cells before and after transfection of *UAS-dsRed-rga FL intron-myc*. Numbers below indicate the relative band intensities of *sisR-1* normalized to rRNA quantified using ImageJ software.(D) qRT-PCR showing the relative expression of *sisR-2* and *sisR-3* in male bodies of *y w* controls (parental strain) and transgenic flies harboring *UAS-dsRed-mbt/csp FL intron-myc* transgenes. \*p \< 0.01, two-tailed t test. N = 3. Data are represented as mean ± SD.(E) Northern blot showing the expression of *sisR-1* in S2 cells transfected with plasmids containing wild-type or mutated 5′ splice site of *rga* intron.(F) A proposed model of biogenesis of sisRNAs via splicing-dependent and splicing-independent transcription pathways.See also [Figures S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

The following observations indicate that the *rga*, *mbt,* and *csp* introns contain sequences that can drive independent transcription of sisRNAs First, transfection of *UAS-dsRed-intron-myc* plasmids containing *rga* full-length intron (without Gal4 induction) into S2 cells led to an increase in *sisR-1* levels as assayed by northern blotting ([Figure 2](#fig2){ref-type="fig"}C). Second, flies harboring extra copies of the *UAS-dsRed-intron-myc* transgenes containing *mbt* or *csp* full-length introns (without Gal4 induction) also expressed higher levels of *sisR-2* or *sisR-3,* respectively, than the parental strains as assayed by quantitative RT-PCR (qRT-PCR) ([Figure 2](#fig2){ref-type="fig"}D). The UAS promoter was not leaky as we observed non-significant expression of *dsRed* ([Figure S3](#mmc1){ref-type="supplementary-material"}). Finally, mutation of the 5′ splice site of the *rga* intron in the *UAS-dsRed-intron-myc* plasmid did not perturb the expression of *sisR-1* in S2 cells ([Figure 2](#fig2){ref-type="fig"}E), suggesting that sisRNAs can also be processed in a splicing-independent manner. These observations are consistent with an alternative pathway for sisRNA biogenesis via direct transcription from the introns ([Figure 2](#fig2){ref-type="fig"}F).

*sisR-3* Regulates Long Noncoding RNA *CR44148* {#sec1.3}
-----------------------------------------------

To understand the functional significance of these sisRNAs, we focused on *sisR-3*. Previously, *sisR-1* was shown to repress the expression of *ASTR* ncRNA *in vivo*, possibly via base-pairing of its 3′ tail with the target ([@bib22]). We asked if *sisR-3* also shows similar sisRNA-target relationship properties *in vivo*. We examined the predicted secondary structure of *sisR-3* using the Vienna RNAfold software. Interestingly, *sisR-3* was predicted to form a secondary structure that has an exposed 3′ end ([Figure 3](#fig3){ref-type="fig"}A). The characteristic free 3′ end feature of *sisR-3* is reminiscent of the one for *sisR-1* ([@bib22]), suggesting that they belong to a family of structurally related sisRNAs.Figure 3*sisR-3* Represses *CR44148*(A) Predicted secondary structures of *Drosophila sisR-3*.(B) Complementary base-pairing between the 3′ end of *sisR-3* and *CR44148*.(C) Heatmap showing the relative expression of *sisR-3* and its predicted target *CR44148* during development and in adults. Red, high expression; white, low or undetectable expression.(D) Strand-specific RT-PCR showing the expression of *CR44148* during development. *Actin5C* was used as a loading control.(E) qPCR showing the relative abundance of *CR44148, sisR-2,* and *CR43836* in the indicated genotypes. *Actin5C* was used as a loading control. \*p \< 0.05, two-tailed t test. N = 3. Data are represented as mean ± SD. SD, standard deviation.See also [Figure S4](#mmc1){ref-type="supplementary-material"}.

We predicted the target of *sisR-3* by performing a BLAST search using the sequences of the exposed 3′ ends. The 3′ end of *sisR-3* is predicted to target a long ncRNA *CR44148* ([Figure 3](#fig3){ref-type="fig"}B). We next asked if *sisR-3* and its predicted target *CR44148* have reciprocal expression patterns. The modENCODE temporal and tissue expression data in FlyBase showed that *CR44148* exhibited mutually exclusive temporal and spatial expression patterns to *sisR-3*. *sisR-3* expression is highly expressed in the third-instar larvae, pupae, and adult somatic tissues, whereas *CR44148* is abundantly expressed in the embryos ([Figures 3](#fig3){ref-type="fig"}C and 3D). These observations are consistent with a model that *sisR-3* modulates robustness in gene expression by negatively regulating *CR44148*.

To test whether *sisR-3* regulates its predicted target *in vivo*, we knocked down the expression of *sisR-3* by two independent short hairpin RNAs (shRNAs) and then examined if there was any up-regulation of *CR44148* ([Figure S4](#mmc1){ref-type="supplementary-material"}A). The knockdown efficiency was tested in the ovaries by quantitative PCR (qPCR). Expression of *sisR-3*, but not its cognate *csp* mRNA, was down-regulated by driving *sisR-3* shRNAs using *act-Gal4* driver ([Figure S4](#mmc1){ref-type="supplementary-material"}B). Since *sisR-3* and *CR44148* are co-expressed in the third-instar larvae, we examined the effect of *sisR-3* knockdown on target expression during this stage of development. Knockdown of *sisR-3* in the third-instar larvae using *da-Gal4* resulted in up-regulation of *CR44148*, but not another non-targeted ncRNA *CR43836* ([Figure 3](#fig3){ref-type="fig"}E), verifying that *sisR-3* specifically represses *CR44184*.

*sisR-3* Is Required during Development {#sec1.4}
---------------------------------------

To investigate if *sisR-3* is important for development, we ubiquitously knocked down *sisR-3*. Knockdown of *sisR-3* using *act-Gal4* revealed a semi-lethality phenotype. Based on the crossing scheme, we expected the ratio of eclosed *act\>CyO:act\>sisR-3 RNAi* adults to be 1:1 ([Figure 4](#fig4){ref-type="fig"}A). Instead, we observed that the ratio was 1:∼0.6 for both RNA interference (RNAi) lines ([Figure 4](#fig4){ref-type="fig"}A). This result implied that *sisR-3* knockdown may affect development. We used an alternative crossing scheme to check for third-instar larvae development ([Figure 4](#fig4){ref-type="fig"}B). In this cross, we expected a ratio of 1:2 for *da\>CyO-GFP:da\>sisR-3 RNAi*; however, we observed a ratio of 1:∼1.2 for both RNAi lines ([Figure 4](#fig4){ref-type="fig"}B). This result suggests that *sisR-3* knockdown might have an effect on larvae development. To confirm our results, we next directly examined the developmental effects of *sisR-3* knockdown. Knockdown of *sisR-3* in the embryos did not affect embryogenesis. We observed that *da \>sisR-3 RNAi* embryos developed normally and had hatching rates similar to *da-Gal4* controls ([Figure 4](#fig4){ref-type="fig"}C). We then compared the development of *da-Gal4* controls and *da \>sisR-3 RNAi* pupae. At day 8 of development, whereas ∼28% of *da-Gal4* control pupae had begun to mature forming dark pupae, only 8%--11% of *da\>sisR-3 RNAi* pupae were mature ([Figure 4](#fig4){ref-type="fig"}D, p \< 0.01, chi-square test), indicating that *sisR-3* is required for proper development. Taken together, our results demonstrate that *sisR-3* is required for proper larva and pupa development.Figure 4*sisR-3* Is Required for Proper Development(A and B) Crossing schemes and charts showing the expected and observed ratios of the indicated genotypes.(C) Chart showing the hatching rates of embryos of the indicated genotypes at different time points.(D) Chart showing the percentage of pupae that are dark (see photograph) for the indicated genotypes on day 8 of development at 25°C. \*p \< 0.01, chi-square test. N \> 100 pupae in three independent experiments.

Discussion {#sec2}
==========

In this study, we identified an abundant pool of polyadenylated maternal sisRNAs in *Drosophila*. These sisRNAs can be generated by independent transcription from the cognate introns and require Wispy for their stabilization as maternal transcripts. Further characterization of a sisRNA *sisR-3* demonstrates that *sisR-3* represses its target long ncRNA *CR44148* and is required for proper development. Together with our previous study on *sisR-1*, sisRNAs appear to function as regulators of other long ncRNAs, suggesting a robust mechanism to clear off unwanted long ncRNAs ([@bib22]).

Our data suggest an alternative pathway for maternal sisRNA biogenesis ([Figure 2](#fig2){ref-type="fig"}F)--- sisRNAs are transcribed from intronic promoters and are cleaved and polyadenylated in the nucleus after the PAS sequences in the introns. Maternal sisRNAs are further polyadenylated in the cytoplasm by Wispy to confer stability. Previous work had suggested that splicing and debranching of the intronic transcript is required for *sisR-1* production during development ([@bib22]). Therefore, we propose that there are two non-mutually exclusive pathways generating sisRNAs---a host pre-mRNA splicing-dependent pathway and an independent transcription pathway ([Figure 2](#fig2){ref-type="fig"}F), similar to what was reported for snoRNAs ([@bib30]). The relative contribution of each pathway may differ in various tissues or developmental contexts.

*Drosophila sisR-1* and *sisR-3* are predicted to form related secondary structures that have exposed 3′ ends. Interestingly, the Epstein-Barr virus (EBV) ebv-sisRNA-1 was also predicted to adopt a similar secondary structure ([@bib17], [@bib18]). It was proposed that the 3′ tail of the ebv-sisRNA-1 may bind to RNAs by complementary base-pairing and possibly regulate RNA activity or abundance ([@bib17], [@bib18]). It implies that the 3′ tail is an important element for a sisRNA to function. The 3′ end may provide specificity to the targets by complementary base-pairing, thus providing a new paradigm for sisRNA-mediated gene regulation. This principle of ncRNA-target recognition has been seen in various ncRNAs such as snoRNAs, miRNAs, small nuclear RNAs (snRNAs), and CRISPR RNAs ([@bib5]).

Recent studies have uncovered a role for poly(A) tails in promoting the stability of viral and endogenous long ncRNAs such as MALAT and PAN RNA ([@bib2], [@bib16], [@bib28], [@bib29], [@bib31]). It is conceivable that the poly(A) tails of sisRNAs may form intra- or inter-molecular interactions with other nucleic acids or proteins, to protect them from 3′ exoribonucleases. Polyadenylation of intronic sequences was first described in sea urchin eggs more than 30 years ago ([@bib3], [@bib6], [@bib24]). In the *Drosophila* larvae, the *delta* locus was also shown to give rise to multiple polyadenylated intronic sequences more than 20 years ago ([@bib10]). More recently, a study identified polyadenylated sisRNAs from the EBV ([@bib4]). The identification of abundant polyadenylated maternal sisRNAs in *Drosophila* suggests that this paradigm may be more widely conserved than previously thought.

Methods {#sec3}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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